To examine the applicability of the nacelle transfer function (NTF) derived from nacelle light detection and ranging (LIDAR) measurements to wind turbine power performance testing without a met mast, wind turbine power performance measurement was carried out at the Dongbok wind farm on Jeju Island, South Korea. A nacelle LIDAR was mounted on the nacelle of a 2-MW wind turbine to measure wind conditions in front of the turbine rotor, and an 80-m-high met mast was installed near another wind turbine to measure the free-stream wind speed. The power measurement instruments were installed in the turbine tower base, and wind speeds measured by the nacelle anemometer of the turbine were collected by the SCADA (Supervisory control and data acquisition) system. The NTF was determined by the table method, and then the power curve drawn using the NTF by the nacelle LIDAR (PC NTF, NL ) was compared with the power curves drawn in compliance with International Electrotechnical Commission (IEC) standards, 61400-12-1 and 61400-12-2. Next, the combined standard uncertainties of the power curves were calculated to clarify the magnitude of the components of the uncertainties. The uncertainties of annual energy production (AEP) were also estimated by assuming that wind speed is a Rayleigh cumulative distribution. As a result, the PC NTF, NL was in good agreement with the power curves drawn in accordance with the IEC standards. The combined standard uncertainty of PC NTF, NL was almost the same as that of the power curve based on IEC 61400-12-2.
Introduction
Wind energy is the most well-known form of renewable energy. Studies on wind resource assessment, wind farm design, and wake effect analysis [1] [2] [3] [4] [5] [6] have been conducted to increase the energy efficiency of wind farms. To obtain reliable results from these studies, accurate wind measurement is very important, for which the installation of a met mast is essential. However, installing a met mast is expensive and time consuming. In particular, it is known to be very difficult to install an offshore met mast in the ocean for measuring offshore wind conditions.
IEC 61400-12-1 1st edition [7] for wind turbine power performance testing requires installing a met mast with a hub height within a distance of 2 to 4 times the rotor diameter from a test wind turbine. Although power performance testing should be carried out for all wind turbines at a wind farm, it has been generally performed for a representative wind turbine due to the difficulty in installing met masts for all turbines. IEC 61400-12-2 [8] describes the methodology to estimate power curves of multiple wind turbines using the nacelle transfer function (NTF), which is the correlation between wind speeds measured using a cup anemometer on a met mast and a nacelle anemometer on a wind turbine. Using the NTF derived from a representative wind turbine, the power performance of other wind turbines can be evaluated if some requirements are satisfied. Kim et al. [9] conducted power performance testing for two 3-MW wind turbines in compliance with the IEC 61400-12-2 procedure. Shin et al. [10] [11] [12] proposed a method for identifying wind turbine degradation using NTF and analysed the annual capacity factor reduction rate for multiple wind turbines.
Light detection and ranging (LIDAR) systems have received attention from the wind energy industry because of the advantages, including easy installation and a wide measurement range. Based on many research results on the reliability verification of ground LIDAR wind data [13] [14] [15] [16] [17] [18] [19] [20] [21] , the IEC 61400-12-1 2nd edition was published in 2015 [22] . It describes the procedure and requirements for a wind turbine power performance test using the rotor equivalent wind speed (REWS), which considers the wind shear covering the wind turbine rotor swept area. For this, the wind data above a hub height should be measured, for which the ground LIDAR has been mostly used.
Recently, many investigations have been conducted to apply the nacelle LIDAR to wind turbine power performance testing. Wagner et al. [23] [24] [25] [26] [27] proposed a procedure for drawing a wind turbine power curve using nacelle LIDAR measurements and evaluated the uncertainty of the power curve. Shin et al. [28, 29] clarified the reliability of the nacelle LIDAR measurements through comparison with the reference cup anemometer wind data. They also compared the power curves from the nacelle LIDAR, the cup anemometer and REWS measurements, which led to the conclusion that the nacelle LIDAR power curve was quite similar to the other power curves, with a relative error of less than 3.01% [30] . According to the demand for using nacelle LIDAR for power performance testing, the project team IEC 61400-50-3 was organized and has been working to publish the official international standard by the end of 2020 so that nacelle LIDAR can be used for wind turbine power performance testing without a met mast [31] .
If it is possible to apply NTF derived from nacelle LIDAR measurements without a met mast to power performance testing, power curves of other wind turbines can be drawn, which will be done at a comparatively low cost and in a short period of time. In particular, it will be helpful for offshore wind turbine testing. The purpose of this study is to identify the applicability of NTF from nacelle LIDAR measurements (NTF NL ) to wind turbine power performance measurements without a met mast and to further estimate the uncertainties of the power curves and the annual energy productions (AEP). NTF NL was derived from the correlation between the wind data from a nacelle LIDAR and a nacelle anemometer on a 2-MW wind turbine. For the same types of wind turbines as the test wind turbine, PCs NTF, NL were compared with the power curves using the cup anemometer wind speed in IEC 61400-12-1 (PC Cup ), the wind speed corrected using NTF Cup in IEC 61400-12-2 (PC NTF, Cup ) and the nacelle LIDAR wind speed (PC NL ). In addition, the combined standard uncertainties of the power curves were evaluated, and the uncertainties of each component involved in their construction were estimated in detail. Finally, the uncertainties of AEP (u AEP ) were evaluated assuming that the wind follows a Rayleigh wind distribution.
Test Setup

Test Site
This study was performed at the Dongbok wind farm on Jeju Island, South Korea. The island is located off the southern part of the Korean peninsula, and the Dongbok wind farm is situated on the north-eastern part of the island, as shown in Figure 1 . Fifteen 2-MW wind turbines were in operation, and wind turbines no. 1 and 15 were tested in this work. A nacelle LIDAR was installed on the nacelle of wind turbine no. 1, and a met mast was positioned at 2.5 times the rotor diameter from wind turbine no. 15. Topographical conditions were slightly complex, with a ruggedness index (RIX) of 0.2. There are two quarries to the south and north of wind turbine no. 1.
To exclude the wind data disturbed by the wake due to blade rotation of neighbouring wind turbines and the two quarries, the measurement sectors were determined using Equations (1) and (2):
where D e is the equivalent rotor diameter. l h and l w are the respective height and width of the obstacle. D n is the rotor diameter of a nearby wind turbine. L e and L n are the distance from the neighbouring wind turbine and obstacle, respectively. The calculated measurement sectors were from 223 • to 347 • for wind turbine no. 1 and from 333 • to 97 • for wind turbine no. 15, as shown in Figure 1 . The 10-min average wind conditions for one year from 1 January 2017 to 31 December 2017 were measured by the nacelle LIDAR, the met mast, and the nacelle anemometers on the wind turbines, and these were analysed in this work. To exclude the wind data disturbed by the wake due to blade rotation of neighbouring wind turbines and the two quarries, the measurement sectors were determined using Equations (1) 
where De is the equivalent rotor diameter. lh and lw are the respective height and width of the obstacle. Dn is the rotor diameter of a nearby wind turbine. Le and Ln are the distance from the neighbouring wind turbine and obstacle, respectively. The calculated measurement sectors were from 223° to 347° for wind turbine no. 1 and from 333° to 97° for wind turbine no. 15, as shown in Figure 1 . The 10-min average wind conditions for one year from 1 Jan 2017 to 31 Dec 2017 were measured by the nacelle LIDAR, the met mast, and the nacelle anemometers on the wind turbines, and these were analysed in this work. Table 2 presents specifications of nacelle wind sensors and the supervisory control and data acquisition (SCADA) system. The nacelle anemometers and the nacelle wind vanes were installed on the top of the nacelle, and the wind data were collected by the SCADA system, whose model is Gateway, developed by Mita-teknik. Table 3 shows the specifications of electric power measurement instruments. The current transformer and the power transducer of class 0.5 were used in the wind turbine tower bases in compliance with IEC 61400-12-2. The electric power measured by the instruments was used as power output data in this work. To avoid the flow distortions caused by the rotor blades and the nacelle itself, the nacelle wind sensors should be positioned in accordance with the criteria provided in Annex A of IEC 61400-12-2 [8] . Figure 2 shows the criteria of mounting the nacelle wind sensor and the actual image of the nacelle anemometers and the nacelle wind vanes with a nacelle LIDAR on the nacelle of wind turbine no. 1. The nacelle wind sensors should be mounted above the boundary layer, indicated by the 10 • line from the cylindrical blade root to the profiled blade, and at least 1.5 times the blade root diameter behind the blade root centre. Additionally, they should not be situated within 1 m of the downwind end of the nacelle. According to the criteria, the mounting status of the nacelle anemometers and wind vanes of the wind turbines tested was carefully checked, and it was confirmed that those sensors were properly mounted.
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This nacelle LIDAR was calibrated through a collaborative research project with KTL (Korea testing laboratory) according to the procedure suggested by DTU (Technical University of Denmark) [32, 33] , and the reliability of nacelle LIDAR measurements at this site was verified in a previous study [29] . Table 5 lists the specifications of the sensors on the met mast that were installed north of wind turbine no. 15. An 80-m-high lattice type met mast was installed for wind turbine power performance testing in accordance with IEC 61400-12-1. The wind speed at the hub height was measured by a Thies first class cup anemometer. Moreover, air temperature, humidity, and atmospheric pressure were measured by a thermometer, hygrometer, and barometer, respectively. The meteorological data were used to derive the normalized wind speed from the specific air density at the test site. PT 100 class A ±2% Barometer (78.5 m) P-GE 6/11 ±0.1%
NTF Derivation and Application
NTF Derivation
Although the data rejection criteria are clearly given for the met mast wind data in IEC 61400-12-2, no data rejection criteria are available for the nacelle LIAR measurements. Thus, the following nacelle LIDAR measurements and the concurrent data of the other sources were discarded according to suggestions from previous studies [28] [29] [30] 34, 35] : -data without a measurement sector; -data with nacelle LIDAR measurement availability less than 80%; -data with a carrier-to-noise ratio less than −23 dB; -data in the case of the nacelle LIDAR or the test wind turbine in abnormal operation.
Using the table method given in IEC 61400-12-2, the nacelle anemometer wind speed can be corrected to free-stream wind speed, V free . The selected wind data after the data rejection were binned in 0.5-m/s intervals, and then, linear interpolation was performed between the bins using the following equation to obtain V free :
where V free,i and V free,i+1 are the bin-averaged free-stream wind speeds in bins i and i + 1, respectively. V nacelle,i and V nacelle,i+1 are the bin-averaged wind speeds measured by the nacelle anemometer in bins i and i + 1, respectively. V nacelle is the wind speed measured by the nacelle anemometer. NTF NL and NTF Cup were computed using the nacelle wind speeds of the test wind turbines with free-stream wind speeds measured by the nacelle LIDAR and the cup anemometer of the met mast, respectively. Figure 3 shows the relationship between the nacelle LIDAR and the nacelle anemometer wind speeds for turbine no. 1, from which NTF NL was calculated using the table method. The relationship was close to the slope of one, which means that the correlation between the nacelle LIDAR and nacelle anemometer wind speeds was very high and consequently, NTF NL was considered to be derived properly.
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NTF Application
NTF can be applied to other wind turbines if they are the same type as the turbine tested, and further, the requirements for terrain class are satisfied [8] . The two test wind turbines met the requirements; they are the same type, and their terrain classes are the same because they are operating at the same wind farm. The nacelle anemometer wind speeds of wind turbines no. 1 and 15 were corrected to free-stream wind speeds by applying the derived NTFs. The corrected wind speeds were corrected again to the normalized wind speed at the reference air density to exclude the effect of wind variation with air density. The power curves were finally drawn using the bin method with an interval of 0.5 m/s. Figure 4a ,b show PCNTF, NL, PCNTF, Cup, PCCup and PCNL with respective power coefficients for the test wind turbines. In the figures, the power output ratio represents the measured power output, Pm, divided by the rated power output, Pr, and the wind speed ratio denotes the measured wind speed, Vm, divided by the rated wind speed, Vr. Each bin of all power curves had a minimum of three sample data points.
In Figure 4a , the power curves and the power coefficients for wind turbine no. 1 were compared. Here, PCNL is a nacelle LIDAR power curve that was drawn according to the procedure proposed by Wagner et al. [23] [24] [25] . PCNTF, NL and CP, NTF, NL were very similar to the references PCNTF, Cup and CP, NTF, Cup, respectively. On the other hand, PCNL and CP, NL were lower than the others. The 
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In Figure 4a , the power curves and the power coefficients for wind turbine no. 1 were compared. Here, PC NL is a nacelle LIDAR power curve that was drawn according to the procedure proposed by Wagner et al. [23] [24] [25] . PC NTF, NL and C P, NTF, NL were very similar to the references PC NTF, Cup and C P, NTF, Cup , respectively. On the other hand, PC NL and C P, NL were lower than the others. The power curves and the power coefficients for wind turbine no. 15 were compared in Figure 4b . Here, PC Cup was drawn in accordance with IEC 61400-12-1 1st edition, which was a reference. PC NTF, NL was higher and PC NTF, Cup was lower than PC Cup . PC NTF, NL , was similar to that for wind turbine no. 1. A higher C P, Cup than the others was observed under low wind speeds, which was caused by very low wind speeds compared to the high power output in the early stage of the wind speeds.
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Power Curve Uncertainty
The uncertainties of the power curves for wind turbine no. 15 were analysed as a representative case. The uncertainties of PC NTF, NL and PC NTF, Cup were estimated by taking into account the following categories [8] :
Category A, uncertainty in electrical power (S p,i ); -Category B, uncertainty in power output (u P,i ); -Category B, uncertainty in wind speed (u V,i ); -Category B, uncertainty in air density (u AD,i ); -Category B, uncertainty in the method (u M,i ).
Category A uncertainty in electrical power was calculated by statistical analysis based on the standard deviation of power outputs in bin i divided by the square root of the number of sampled data in bin i. Category B uncertainties in the power output, air density and method were obtained by applying the uncertainty estimates provided in IEC 61400-12-2. Category B uncertainty in the method is the uncertainty associated with air density correction, dynamic power measurement, seasonal variation, variation of rotor inflow, and the turbulence effect on averaging and binning. Category B uncertainty in wind speed will follow in the next section.
Uncertainty in Free-Stream Wind Speed from Nacelle LIDAR
Category B uncertainty in wind speed includes the uncertainty in NTF, which contains the uncertainty in free-stream wind speed. Although the uncertainty component in free-stream wind speed from a met mast, u FS,Cup , can be calculated in compliance with IEC 61400-12-2, the uncertainty in free-stream wind speed from nacelle LIDAR, u FS,NL , cannot be computed because of no regulation in current IEC standards. Thus, the following components were taken into account according to the following references:
-
The statistical uncertainty of the nacelle LIDAR measurements (u FS,NL1 ) [8] ; -The uncertainty caused by flow distortion due to terrain (u FS,NL2 ) [8] ; -The uncertainty related to the measurement height (u FS,NL3 ) [27] ; -The uncertainty of the tilt inclinometers (u FS,NL4 ) [27] .
u FS,NL1 was calculated from the standard deviation of nacelle LIDAR measurements in bin i divided by the square root of the number of data in bin i. u FS,NL2 was estimated to be 2% of the wind speed given in IEC 61400-12-2 because the distance between the test wind turbine and the measurement point was less than three times the rotor diameter, and no site calibration was undertaken.
Because the nacelle LIDAR tilts due to the motion of the wind turbine nacelle by wind variation, the tilt of the nacelle LIDAR should be set at −2.5% of the hub height to measure wind conditions. In addition, nacelle LIDAR measurements should be performed within ±2.5% of the hub height. Figure 5 illustrates the nacelle LIDAR measurement height relative to the hub height along with the wind speed ratio. The mean values of the bin interval of 0.5 m/s are presented as well. The measurement height increased with an increase in the wind speed until the rated speed and then steadily decreased. This is because of blade pitching, which decreases the thrust force on the rotor after the rated wind speed. It was confirmed that the nacelle LIDAR measurement was carried out within ±2.5% of the hub height. The uncertainty caused by variation in measurement height due to tilting motion, uNL,FS3, can be calculated using Equations (4) and (5) [27]:
where VNL,i is the average nacelle LIDAR wind speed in bin i, and Vhub,i is the wind speed extrapolated to the hub height. zNL,i is the average nacelle LIDAR measurement height in bin i, and zhub is the hub height. In Equation (5), the power law exponent was assumed to be 0.5. Figure 6 shows the relative uncertainty in the nacelle LIDAR wind speed due to the tilt motion, uNL,FS3, with wind speed ratio. Uncertainties of approximately 0.12 % were distributed in low wind speed regions and were very close to zero at 56 % rated wind speed. Next, the uncertainty rapidly increased until the rated wind speed, and it gradually decreased after the rated wind speed due to blade pitching. To evaluate uFS,NL4, the calibration of the tilt inclinometers was carried out in accordance with the procedure in DTU Wind Energy E-0020 [32, 33] . The opening angle, α, was first calibrated by an iterative process of blocking and unblocking using a jig designed for beam detection at a distance of 29.85 m. The measured opening angle was confirmed to be 30.06°, and the maximum error of beam The uncertainty caused by variation in measurement height due to tilting motion, u NL,FS3 , can be calculated using Equations (4) and (5) [27]:
where V NL,i is the average nacelle LIDAR wind speed in bin i, and V hub,i is the wind speed extrapolated to the hub height. z NL,i is the average nacelle LIDAR measurement height in bin i, and z hub is the hub height. In Equation (5), the power law exponent was assumed to be 0.5. Figure 6 shows the relative uncertainty in the nacelle LIDAR wind speed due to the tilt motion, u NL,FS3 , with wind speed ratio. Uncertainties of approximately 0.12% were distributed in low wind speed regions and were very close to zero at 56% rated wind speed. Next, the uncertainty rapidly increased until the rated wind speed, and it gradually decreased after the rated wind speed due to blade pitching. The uncertainty caused by variation in measurement height due to tilting motion, uNL,FS3, can be calculated using Equations (4) and (5) [27]:
where VNL,i is the average nacelle LIDAR wind speed in bin i, and Vhub,i is the wind speed extrapolated to the hub height. zNL,i is the average nacelle LIDAR measurement height in bin i, and zhub is the hub height. In Equation (5), the power law exponent was assumed to be 0.5. Figure 6 shows the relative uncertainty in the nacelle LIDAR wind speed due to the tilt motion, uNL,FS3, with wind speed ratio. Uncertainties of approximately 0.12 % were distributed in low wind speed regions and were very close to zero at 56 % rated wind speed. Next, the uncertainty rapidly increased until the rated wind speed, and it gradually decreased after the rated wind speed due to blade pitching. To evaluate uFS,NL4, the calibration of the tilt inclinometers was carried out in accordance with the procedure in DTU Wind Energy E-0020 [32, 33] . The opening angle, α, was first calibrated by an iterative process of blocking and unblocking using a jig designed for beam detection at a distance of 29.85 m. The measured opening angle was confirmed to be 30.06°, and the maximum error of beam To evaluate u FS,NL4 , the calibration of the tilt inclinometers was carried out in accordance with the procedure in DTU Wind Energy E-0020 [32, 33] . The opening angle, α, was first calibrated by an iterative process of blocking and unblocking using a jig designed for beam detection at a distance of 29.85 m. The measured opening angle was confirmed to be 30.06 • , and the maximum error of beam detection pointing, ∆H, was 21 mm. Next, the tilt value was measured using a theodolite Leica TM50. The uncertainty for tilt, u β , was estimated using the following equation:
where ∆β T 2 is the standard uncertainty of the theodolite associated with the tilt measurement, which was 0.03 • according to the instrument calibration report. u β can be used to obtain the vertical length at a measurement distance of 2.5 times the rotor diameter, ∆z 1 , using Equation (7) [27]:
Finally, u FS,NL4 can be determined by the following equation assuming that wind shear follows a power-law profile with a shear exponent of 0.2:
Additionally, the two sensitivity factors for category B uncertainty in wind speed for estimating power curve uncertainty, c V,PC,i , and AEP uncertainty, c V,AEP,i , were calculated using the following equations [22] :
c V,AEP,i
where P i + 1 , P i and P i − 1 are bin-averaged power output in bins i + 1, i and i − 1, respectively. V i + 1 , V i and V i − 1 are bin-averaged wind speed in bins i + 1, i and i − 1, respectively. The sensitivity factors for category B uncertainties in the air density and method were also evaluated using other related equations presented in IEC 61400-12-2.
Combined Standard Uncertainty
Finally, the combined standard uncertainties of the power curves, u c,i , were evaluated using the following equation:
where u i is the combined category B uncertainty. u T,i and u B,i are the respective uncertainties in air temperature and pressure in bin i. c T,i and c B,i are the respective sensitivity factors of air temperature and pressure in bin i. Figure 7 shows the combined standard uncertainties in PC NTF, NL and PC NTF, Cup of wind turbine no. 15 with that in PC Cup , which was a reference complying with IEC 61400-12-1 1st edition. For all the uncertainties, higher uncertainties were generally found between wind speed ratios of 0.5 and 0.9, while lower uncertainties were estimated for the other wind speed ratios. The uncertainties of power curves from NTFs were higher than that of PC Cup . Because the uncertainty of PC NTF, NL was similar to that of PC NTF, Cup calculated in compliance with IEC 61400-12-2, the NTF derived from the nacelle LIDAR measurements could be utilized to estimate power curves without a met mast. (Figure 7 ) resulted from the uncertainty in the method, which was not taken into account when the uncertainty of PCCup was estimated. The power output, the temperature and the atmospheric pressure did not have a significant impact on uc,i.
The individual uncertainties of each component in wind speed in Figure 8 are further presented in Figure 9 . The uncertainty of NTF derived from the nacelle LIDAR measurements was the highest among the uncertainty components. All other uncertainties related to the nacelle anemometer, such as operational characteristics and mounting effects, had comparatively low uncertainties of less than 100 kW. From Figures 7, 8 , and 9, the combined standard uncertainty of PCNTF, NL, was confirmed to result mostly from NTF because the uncertainty for each bin of NTF in Figure 9 was slightly lower than the combined standard uncertainty for each bin in Figure 7 . (Figure 7 ) resulted from the uncertainty in the method, which was not taken into account when the uncertainty of PC Cup was estimated. The power output, the temperature and the atmospheric pressure did not have a significant impact on u c,i .
The individual uncertainties of each component in wind speed in Figure 8 are further presented in Figure 9 . The uncertainty of NTF derived from the nacelle LIDAR measurements was the highest among the uncertainty components. All other uncertainties related to the nacelle anemometer, such as operational characteristics and mounting effects, had comparatively low uncertainties of less than 100 kW. From Figures 7-9 , the combined standard uncertainty of PC NTF, NL , was confirmed to result mostly from NTF because the uncertainty for each bin of NTF in Figure 9 was slightly lower than the combined standard uncertainty for each bin in Figure 7 . (Figure 7 ) resulted from the uncertainty in the method, which was not taken into account when the uncertainty of PCCup was estimated. The power output, the temperature and the atmospheric pressure did not have a significant impact on uc,i.
The individual uncertainties of each component in wind speed in Figure 8 are further presented in Figure 9 . The uncertainty of NTF derived from the nacelle LIDAR measurements was the highest among the uncertainty components. All other uncertainties related to the nacelle anemometer, such as operational characteristics and mounting effects, had comparatively low uncertainties of less than 100 kW. From Figures 7, 8, and 9 , the combined standard uncertainty of PCNTF, NL, was confirmed to result mostly from NTF because the uncertainty for each bin of NTF in Figure 9 was slightly lower than the combined standard uncertainty for each bin in Figure 7 . 
AEP Uncertainty
According to IEC 61400-12-2, a Rayleigh cumulative distribution with annual mean wind speeds of 4 to 11 m/s is assumed to estimate the AEPs from PCNTF, NL (AEPNTF, NL), PCNTF, Cup (AEPNTF, Cup) and PCCup (AEPCup). The AEPs can be calculated using Equation (12):
where Nh is the number of hours in a year and N is the number of bins. F(Vi) and F(Vi − 1) are the Rayleigh cumulative probability distribution functions for wind speeds Vi and Vi − 1 in bins i and i − 1, respectively. Pi and Pi − 1 represent the average power output in bins i and i − 1, respectively. uAEP can be derived from the following equation:
where fi is the relative occurrence of wind speed between Vi − 1 and Vi within bin i. Figure 10 shows the AEP ratio and the uncertainties of AEPNTFL, NL (uAEP, NTF, NL), AEPNTF, Cup (uAEP, NTF, Cup) and AEPCup (uAEP, Cup). A difference of 3.4 % to 7.0 % was found between AEPNTF, NL and AEPCup by means of IEC 61400-12-1. Additionally, AEPNTF, NL was 3.5 ~ 8.3 % higher than AEPNTF, Cup based on IEC 61400-12-2 for all annual mean wind speeds. uAEP, NTF, NL and uAEP, NTF, Cup were higher than uAEP, Cup. On the other hand, uAEP, NTF, NL was almost the same as uAEP, NTF, Cup for every annual wind speed. 
According to IEC 61400-12-2, a Rayleigh cumulative distribution with annual mean wind speeds of 4 to 11 m/s is assumed to estimate the AEPs from PC NTF, NL (AEP NTF, NL ), PC NTF, Cup (AEP NTF, Cup ) and PC Cup (AEP Cup ). The AEPs can be calculated using Equation (12):
where N h is the number of hours in a year and N is the number of bins. F(V i ) and F(V i − 1 ) are the Rayleigh cumulative probability distribution functions for wind speeds V i and V i − 1 in bins i and i − 1, respectively. P i and P i − 1 represent the average power output in bins i and i − 1, respectively. u AEP can be derived from the following equation:
where f i is the relative occurrence of wind speed between V i − 1 and V i within bin i. Figure 10 shows the AEP ratio and the uncertainties of AEP NTFL, NL (u AEP, NTF, NL ), AEP NTF, Cup (u AEP, NTF, Cup ) and AEP Cup (u AEP, Cup ). A difference of 3.4% to 7.0% was found between AEP NTF, NL and AEP Cup by means of IEC 61400-12-1. Additionally, AEP NTF, NL was 3.5~8.3% higher than AEP NTF, Cup based on IEC 61400-12-2 for all annual mean wind speeds. u AEP, NTF, NL and u AEP, NTF, Cup were higher than u AEP, Cup . On the other hand, u AEP, NTF, NL was almost the same as u AEP, NTF, Cup for every annual wind speed. 
Conclusions
This study was conducted to identify the applicability of NTF derived from nacelle LIDAR measurements for wind turbine power performance testing. PCNTF, NL was compared with PCCup, PCNTF, Cup and PCNL. Next, the uncertainties of the power curves and the AEPs were discussed in detail. The results can be summarized as follows: 1) NTFNL was estimated using the table method given in IEC 61400-12-2, and a strong relationship was found between the nacelle LIDAR and the nacelle anemometer wind speeds, which was close to a slope of one. 2) PCNTF, NL had a high correlation (based on the slope and R 2 ) with the reference power curves based on the IEC standards, which led to the conclusion that NTFNL can be used for power performance testing of other wind turbines.
3) The combined standard uncertainty of PCNTF, NL, was similar to that of PCNTF, Cup based on IEC 61400-12-2. Additionally, the uncertainty in NTF mostly accounted for the combined standard uncertainty of the power curve derived from NTF. 4) Because AEPNTF, NL and uAEP, NTF, NL were very similar to AEPNTF, Cup and uAEP, NTF, Cup by means of the IEC 61400-12-2 in this work, there is potential for application of the NTF from the nacelle LIDAR measurements for wind turbine power performance testing without a met mast.
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